To improve accuracy and efficiency in power systems dynamic modeling, the distributed online modeling approach is a good option. In this approach, the power system is divided into sub-grids, and the dynamic models of the sub-grids are built independently within the distributed modeling system. The subgrid models are subsequently merged, after which the dynamic model of the whole power system is finally constructed online. The merging of the networks plays an important role in the distributed online dynamic modeling of power systems. An efficient multi-area networks-merging model that can rapidly match the boundary power flow is proposed in this paper. The iterations of the boundary matching during network merging are eliminated due to the introduction of the merging model, and the dynamic models of the sub-grid can be directly "plugged in" with each other. The results of the calculations performed in a real power system demonstrate the accuracy of the integrated model under both steady and transient states.
To date, centralized modeling has been the traditional method used for power system modeling in which all of the power system components are modelled in the control center. However, in recent decades, the power grid has expanded exponentially, and the modern power system contains a large number of elements and nodes. To build a dynamic model of the whole system, therefore, is difficult and inefficient using traditional centralized modeling methods for such a wide area system [5] [6] [7] . In this context, the distributed online modeling of power system has received considerable attention [2] , [8] . The whole power system is divided into several subgrids, and the sub-grids are modelled independently in the distributed modeling center. The local disturbances, which occur frequently and only affect the components in a localarea power system, are then fully utilized to build the dynamic model of the sub-grids.
Many distributed modeling approaches have been proposed in past literature. A time-varying current injection based distributed modeling method is proposed in [9] to build the dynamic models of the sub-grids. In [10] , an online parameter identification method with two-level architecture is developed. The measurement based online parameter identification is implemented at the substation level, and the identified parameters are validated in the control center.
Distributed steady-state modeling methods have also been studied [11] [12] [13] . In [12] , [13] , for example, a two-level linear state estimator is introduced. The data processing and the state estimation are distributed at the substations and at the control center, respectively. The bad data detection identification is carried out at the substation level, and the linear state estimator is performed at the control center level. Once the dynamic sub-grid models are built, they are then merged to construct a dynamic model of the whole system. Direct merging of the sub-grid models, however, does not take place due to the power flow mismatch between the borders of different sub-grids. Under these conditions, boundary matching and network merging play an important role in distributed online dynamic modeling of power systems, primarily because a large number of sub-grid models are needed in order to merge online.
Boundary matching is usually used to attach the external network model to the internal model and build a steady state model for the whole system [14] [15] [16] [17] . This requires that the part on the external network steady-state modeling must not affect the results of the internal state estimation, i.e., the power 2096-0042 c 2015 CSEE flow of internal network must remain unchanged after the networks merge. Multiple load flow and quasi-steady-state sensitivity [18] based methods have been proposed in [19] to match the boundary power flow, and the accuracy of the integrated model is satisfactory.
In this study, the outline of a distributed online dynamic modeling method for power system is proposed for the first time. A novel multi-area networks-merging model that rapidly matches the boundary power flow is introduced as a means to merge the dynamic models of the sub-grids; the new method then allows for the dynamic models of the sub-grid to be "plugged in" with each other directly. The proposed merging model and the existing sensitivity based methods are both applied in a real power grid with more than 2000 nodes. Steady and dynamic simulations are performed with comparative results verifying the effectiveness of the proposed model.
II. DISTRIBUTED ONLINE DYNAMIC MODELING OF A POWER SYSTEM
The scheme of the distributed online dynamic modeling method is shown in Fig. 1 . In this method, the whole system is first divided into several sub-grids based on their distribution. Then, the dynamic models of the transmission network and the distribution network in each sub-grid with relatively small scale are built independently at the distributed modeling center, using the data of local disturbances measured by wide area measurement system (WAMS) and the local system-wide modeling method [9] , [20] . Finally, the models of the transmission network and the distribution network in each sub-grid are merged with each other using the merging model, according to its network topology. Based on this, the models of the subgrids are then constructed. The model of the whole system similarly is constructed via the network merging of all subgrid models.
While power system dynamic modeling efficiency can be significantly improved with distributed sub-grid modeling processes at different modeling centers, there is a need for more sub-grid models to be merged, and thereby, a more efficient network merging method to be developed. In this study, we propose an efficient multi-area networks-merging model that can rapidly match the boundary power flow, which represents the most critical element in improving distributed online modeling performance. The traditional sensitivity based method for boundary matching is also performed for comparison.
III. POWER FLOW MISMATCHES BETWEEN BORDERS OF DIFFERENT SUB-GRIDS
The boundary power flows between sub-grids do not match because sub-grid modeling procedures are performed at different times. If we assume that the boundary power flow of a certain sub-grid is the exact value, then the power flow mismatches between the borders of different sub-grids can be easily obtained. A schematic diagram of boundary power flow is shown in Fig. 2 
, and θ B denote active power, reactive power, voltage magnitude, and voltage phase angle of the boundary buses in sub-grids A and B, respectively. Similarly, if we assume the boundary power flow of sub-grid B is exact, then the mismatches are given by
where ∆U is the voltage magnitude mismatch, ∆θ is the voltage phase angle mismatch, and ∆P and ∆Q are the active power and reactive power mismatches, respectively.
IV. SENSITIVITY BASED BOUNDARY MATCHING METHOD
To keep the power flow of the sub-grid B unchanged after the networks merge, the basic principles of the sensitivity based boundary matching method [19] are as follows: 1) The voltage phase and reactive power of the boundary buses in sub-grid A are set as the exact values in sub-grid B, i.e., θ A = θ B , Q A = Q B . 2) Some internal buses in sub-grid A are selected as the adjustable nodes. The voltage magnitude and the active power of the adjustable nodes in sub-grid A are then alternately adjusted to reduce ∆U and ∆P to zero based on the quasi-steady-state sensitivity.
Suppose that the number of the boundary buses is S, the active power mismatch is ∆P S , the number of the adjustable nodes is M , and the total adjustable capacity is ∆P M . The proper ∆P M should be solved to reduce ∆P S to zero. The relationship between ∆P M and ∆P S can be written as
where B SM is the sensitivity matrix, the solution procedure can be found in [18] . Considering (5) , ∆P M can be calculated as
The matching procedure of voltage magnitude is similar to that of active power. Note that the alternating iterations are necessary for the sensitivity-based method. Thus, a "plug and play" merging model is proposed to improve the efficiency of network merging.
V. MULTI-AREA NETWORKS MERGING MODEL
To improve the accuracy and efficiency of the distributed online modeling of the power system, the following aspects should be considered for network merging: 1) In order to build the model of the whole system online, the power flow difference between the sub-grids should be matched rapidly and be less time-consuming. 2) After networks are merged, then the integrated model should accurately represent the system dynamics.
To address the first issue, the boundary mismatches can be directly compensated by adding a number of "virtual" electrical components between the boundary buses of different sub-grids where the iterations are eliminated. For instance, a "virtual" transformer can be added to compensate the mismatch of voltage magnitude ∆U by setting the appropriate transformation ratio. And a "virtual" phase shifter can be added to compensate the mismatch of the voltage phase angle.
For the second issue, in order to satisfy the accuracy of the integrated model under transient state, the fewest possible "virtual" components will be the preferred choice, and no dynamic elements should be included. For instance, the transformer and phase shifter are both static elements. And shunt admittance rather than the generator can be used to match the active and reactive power.
It should be noted that network topology is changed by the artificial addition of "virtual" components. However, such change is feasible and effective if the accuracy of the integrated model is satisfied under both the steady and transient states.
For the sensitivity-based method, despite the fact that the network topology is unchanged, the results of networks merging may be inconsistent with the actual power flow because the power injections of adjustable nodes are tuned in an assumed manner.
Accordingly, as shown in Fig. 3 , the merging model is a Γ-circuit consisting of the phase shifter, transformer, and admittance. The boundary nodes of sub-grids A and B are connected via the merging model so that the boundary power flow can be rapidly matched. In the proposed model, the shunt G+jB jX 3 jX 2 0°: θ°P hase shifter Transformer Fig. 3 . Configuration of the network merging model. admittance G + jB rather than the constant power load is used to compensate for the active and reactive power mismatches ∆P and ∆Q because the active and reactive power of the power load keep constant under the transient state, i.e., the constant power load cannot reflect the variations of the active and reactive power under the transient state. The transformer and phase shifter are used to compensate ∆U and ∆θ, respectively. X 1 , X 2 , and X 3 are the transformer reactance, phase shifter reactance, and compensating reactance, respectively, where, X 1 , X 2 are very small, and X 1 + X 2 + X 3 = 0. The phase-shifting angle θ is directly set as the phase angle mismatch ∆θ
The transformer ratio K is set as
The relationship between Y = G + jB and the power mismatch can be written as
where ∆S is the complex power mismatch. Then, Y = G + jB can be given by
To weaken the influence of the merging model on system dynamics, the values of X 1 , X 2 , and X 3 should be set as small as possible. In this study, X 1 = X 2 = 0.0001 p.u. and X 3 = −0.0002 p.u.
VI. PRACTICAL APPLICATION IN A PROVINCIAL POWER GRID
The distributed online modeling approach has been performed in a provincial power grid in China. To verify the feasibility of the proposed method, both the merging model and the sensitivity-based method are applied to integrate the models of the provincial transmission network (external network) and the regional distribution network (internal network). The steady states and dynamic responses of the integrated model are compared.
A. Topology and Initial State of the Provincial Power Grid
The topology of the provincial power grid is shown in Fig. 4 , and the system scales of the external network and internal network are shown in Table I . Three substations connect the internal network with the external network. The 500 kV bus in substation A, the 220 kV bus in substation B, and the 220 kV bus in substation C are chosen as the boundary nodes. The initial states of the boundary nodes in the internal and external networks are shown in Table II . The initial boundary mismatches are quite large, particularly the phase angle mismatches, which reach up to 20 • . 
B. Steady State Simulations
According to the initial states shown in Table I , the boundary power flow in the internal network is supposed to be exact so that the boundary mismatches can be obtained. Using boundary bus tearing, the external network is connected with the internal network via the merging model. The parameters of the merging model can be calculated according to (5)- (7) , and listed in Table III . The results of boundary matching using the two methods are shown in Table IV and Table V . It can be found that the matching results obtained using the merging model are more accurate than the results obtained using the sensitivity-based method.
In addition to the errors of the boundary nodes shown in Table V , the errors in the rest of the internal network are also evaluated for the merging model based boundary matching. The states and errors of 5 lines and 5 buses, which are randomly selected in the internal network, are listed in Table VI and Table VII . It can be found that the power flow of the internal network remains unchanged after the network merging.
In theory, the boundary mismatches can be eliminated by the "plug and play" merging model. However, the error is observed in practical application because of the limited accuracy of digits during the filling of data cards in PSD-BPA software, which is used to conduct the calculation. For instance, the phase angle of the phase shifter can only be accurate by up to two decimal places. 
C. Dynamic Simulations
To investigate the transient accuracy of the integrated model obtained by the merging model, both the small signal stability analysis and the dynamic simulations under system disturbance are performed. The Eigen analysis results are shown in Table VIII and IX, and only the inter-area oscillation modes between the internal network and the external network are listed. Theoretically, the power flow of the external grid in the merging model based integrated model and the sensitivity based integrated model are different, so the Eigen analysis results of those two integrated models are also different. However, it can be found in Table VIII and IX that the Eigen analysis results of the two integrated model are similar, because 1) the generators in the two integrated models have the same parameters (e.g., inertia constant of the generators, etc.), 2) the network topologies are same in the two integrated models except for the merging model, and 3) no dynamic elements are included in the merging model, which has little impact on the dynamic response. A three-phase grounded fault with a ground impedance of 0.02 + j0.02 p.u. is applied to one of the transmission lines in the external network. The fault occurs at time t = 1 s and is cleared after 0.2 s. The dynamics of the bus voltage, the rotor angle differences between the generators, the active power, and the reactive power of the transmission line located in the internal network are shown in Fig. 5 . It shows that the dynamics of the integrated model constructed by the merging model fit those constructed by the sensitivity-based method very well. Thus, the merging model has inappreciable impact on the dynamic behaviors of the integrated model, and the accuracy of the integrated model is satisfying under transient state.
VII. CONCLUSION
In this paper, the distributed online dynamic modeling method for power system is proposed. In this method, a novel multi-area networks merging model, consisting of the phase shifter, transformer, and admittance is introduced to merge the models of the sub-grids with each other and subsequently build the model of the whole system online. Both steady state and dynamic simulations are performed in a real power system. The steady state simulation results indicate that the proposed model can rapidly match the boundary power flow with minimal computations, and the efficiency of the network merging can be improved significantly. Moreover, the power flow of the internal network, which is assumed as the exact value, remains unchanged after the networks merging. Therefore, the steady state accuracy of the integrated model is satisfying. The Eigen analysis and dynamic simulation results indicate that despite the fact the network topology changed after using the proposed merging model, the transient state accuracy of the integrated model was also satisfactory.
